We have studied the Cabibbo suppressed decay Λ + c → Σ + K * 0 (892) and the Cabibbo favored decays Λ + c → Σ + K + K − , Λ + c → Σ + φ and Λ + c → Ξ * 0 (Σ + K − )K + and measured their branching ratios relative to Λ + c → Σ + π + π − to be (7.8 ± 1.8 ± 1.3)%, (7.1 ± 1.1 ± 1.1)%, (8.7 ± 1.6 ± 0.6)% and (2.2 ± 0.6 ± 0.6)%, respectively. The first error is statistical and the second is systematic. We also report two 90% confidence level limits Γ
Introduction
Past experiments have reported results on non-leptonic branching fractions of the lowest lying charmed baryon Λ + c [1, 2] . In this paper we report on several Λ + c decay channels containing a Σ baryon in the final state. These measurements may be useful in testing theoretical predictions of the contributions to inclusive decay amplitudes. For instance, as pointed out by Guberina and Stefancic [3] , direct measurements of Λ + c singly Cabibbo suppressed decay rates can improve our theoretical understanding of the Ξ + c lifetime, which can then be compared to recent high statistics measurements [4] .
Reconstruction
This analysis uses data collected by the FOCUS experiment at Fermilab during the 1996-97 fixed-target run and is based on a topological sample of events with a charged Sigma hyperon plus two other charged particles emerging from the Λ + c decay vertex.
FOCUS is a photo-production experiment equipped with very precise vertexing and particle identification detectors. The vertexing system is composed of a silicon microstrip detector (TS) [5] interleaved with segments of the BeO target and a second system of twelve microstrip planes (SSD) downstream of the target. Beyond the SSD, five stations of multi-wire proportional chambers plus two large aperture dipole magnets complete the charged particle tracking and momentum measurement system. Three multi-cell, thresholdČerenkov counters discriminate between different particle hypotheses, namely electrons, pions, kaons and protons. The FOCUS apparatus also contains one hadronic and two electromagnetic calorimeters as well as two muon detectors.
Events are selected using a candidate driven vertexing algorithm where the vector components of the reconstructed decay particles define the charm flight direction. This is used as a seed track to find the production vertex [6] . Using this algorithm we determine the confidence level of the decay and production vertices, and the significance of their separation. For each of the decay modes analyzed, we require the primary vertex to have a confidence level greater than 1% and to contain at least two tracks other than the charm seed track.
The Σ − → nπ − , Σ + → nπ + and Σ + → pπ 0 decays 1 are reconstructed using a kink algorithm [7] where the properties of the neutral particle in the decay are not detected, but rather inferred, with a two-fold ambiguity in the momentum solution for some decays. Systematic effects due to this ambiguity are reduced by normalizing to the decay mode Λ + c → Σ + π + π − , where the same effect exists. To aid in fitting the mass distribution, for channels containing a Σ, we implement a double Gaussian to determine the yield of signal events. By double Gaussian we mean two Gaussian shapes with separate amplitudes, means and widths. In this paper we will discuss the We identify charged tracks using information from threeČerenkov counters. The algorithm [8] makes use of the on/off status of theČerenkov cells to construct a likelihood for the hypothesis that a given track of a certain momentum generates the observed output. Once the likelihood for each hypothesis "α" (proton, kaon, pion, electron) has been computed we construct a χ 2 -like variable W α = −2 ln(Likelihood α ). We identify particles by comparing these variables.
Our pion consistency (PICON) requirement comes from comparing the minimum W α hypothesis to the pion hypothesis. For example, the two pions from Λ + c → Σ + π + π − decay are required to satisfy PICON=min{W α=e,π,K,p } − W π > −6. Further, pions must not be identified as muons by the muon detector. For Σ + → pπ 0 decays, the proton is required to satisfy W π − W p > −3 while for Σ + → nπ + , the pion must satisfy W p − W π > −3 and PICON > −6 and have a momentum greater than 5 GeV/c.
is fit with a double Gaussian and a linear background. We obtain a yield of 1706 ± 88 events.
The Λ + c is reconstructed in the decay channel Σ + K + π − . We fit the invariant mass distribution with and without a mass cut (832 <M(Kπ)< 960 MeV/c 2 ) around the K * (892) nominal value. We find that most, if not all, of this channel occurs via Σ + K * 0 (892). The absence of a non-resonant decay may also explain the absence of a signal in the Λ + c decay to Fig. 2 (a) we show the Σ + K * 0 invariant mass distribution, where the K * 0 is reconstructed in the Fig. 2 (b) we plot the Σ − K + π + invariant mass distribution where no signal is evident. A possible explanation for the suppression of the non-resonant three body decays may be that no quark pairs need to be created in order to get the Σ + K * 0 (892) state (see Fig. 3 ). For the Λ + c → Σ + K + π − sample we apply a secondary vertex detachment cut, l/σ l >5.5, which rejects much of the combinatoric hadronic background. A minimum cut of 50 GeV/c on the momentum of the Λ + c candidate is also applied. The secondary decay vertex must have a confidence level greater than 10%.
Cerenkov identification cuts are applied to the kaon and pion from the Λ + c as well as on the charged daughter of the Σ + . In particular we require W π − W K > 3.5 on the K + while for the pion (from the Λ + c decay) we require PICON> −6. In the Σ + → pπ 0 case we apply a soft pion-proton separation cut of W π −W p > −3, while for Σ + → nπ + the pion must satisfy W p −W π > −3 and PICON> −6. The pion from the Σ + is also required to have a minimum momentum of 5 GeV/c . We remove much of the remaining background by requiring σ t < 120 fs for the TS run period and σ t < 150 fs for the NoTS run period. We also require the lifetime to be less than six times the Λ + c lifetime. The mass distribution is fit using a double Gaussian plus a linear background. We fixed the widths, the relative yield ratio and the shift between the means of the two Gaussians to the Monte Carlo values. The resulting yield is 49 ± 10 events.
Systematic uncertainties were determined by fit variations on binning, fitting range, and counting sideband subtracted events in the K + π − invariant mass distribution. In order to test for possible biases in the fitting procedure, we also performed the fit of the Σ + K + π − mass distribution using the Monte Carlo shape. We measured the relative branching ratio for statistically independent sub-samples divided by momentum, particle-antiparticle, run period, and Σ + decay modes. Using a technique modeled on the PDG S-factor method we evaluated a systematic uncertainty from these split samples. After a correction for the branching ratio of K * 0 (892) → K + π − , our final result for the branching ratio of Λ
where the systematic error is obtained by adding in quadrature the contributions from fit variants and split samples.
We searched for the similar Cabibbo suppressed decay channel Λ
The event selection is identical to that of the Λ
+ is reconstructed in a neutron and a charged pion. The invariant mass distribution is shown in Fig. 2 . To set an upper limit on the branching ratio for this decay we fit the data using a double Gaussian with a linear background where all the parameters of the Gaussians, except for the total yield, are fixed to the Monte Carlo values. The fit returns a yield of 10 ± 11 events. The systematic uncertainty is computed by varying the range, binning and the fitting shape function. As we do not observe a signal, after correcting by the branching ratio of K * 0 (892) → K + π − we determine an upper limit of:
with a 90% confidence level, where we have combined the statistical and systematic errors in quadrature.
The reconstruction of Σ + K + K − events requires a detachment cut of l/σ l >3, the candidate Λ + c must have a minimum momentum of 30 GeV/c and a secondary vertex with a minimum confidence level of 1%. The kaons from the Λ + c must be favored with respect to the pion hypothesis, W π − W K > 1. The identification of the charged pion from the Σ + (in the nπ + decay mode) is achieved by requiring W p − W π > −3 and PICON> −6. A soft separation cut of W π − W p > −3, is applied to the proton for the decay Σ + → pπ 0 . Further, we require the lifetime resolution σ t < 110 fs for the TS period and σ t < 140 fs for the NoTS period. The invariant mass distribution is plotted in Fig. 4 .
We fit the distribution using a double Gaussian for the signal region plus a linear background and find 103 ± 15 events. The widths of the Gaussians, the yield ratio and the shift between the two means are all fixed to Monte Carlo values. Systematic studies were performed in a manner similar to that for the Σ + K * (892) state. Adding in quadrature the two uncertainties obtained by fit variations and split samples we quote the branching ratio for Λ For the Σ + K + K − final state we also measured the resonant Σ + φ contribution. The Σ + φ events are selected using the same cuts used for the Σ + K + K − inclusive mode, except: the l/σ l cut is lowered to 2.5, the K + K − invariant mass is required to be within 3σ (10 MeV/c 2 ) of the φ mass and the absolute difference between the Σ + K − invariant mass and the Ξ * nominal value (1.690 GeV/c 2 ) must be greater than 20 MeV/c 2 . This last cut is applied to suppress the contamination from Λ + c → Ξ * 0 (1690)K + where the Ξ * 0 decays to Σ + K − . A sideband subtraction is performed to remove a possible non-resonant contribution. The Σ + φ invariant mass distribution, with the Ξ * 0 (1690) exclusion cut, is shown in Fig. 5 .
The fitting procedure follows the strategy applied in the Σ + K + K − inclusive mode and give a yield of 57 ± 10 events. To assess the final systematic uncertainty on this measurement, we follow similar criteria to those described previously. We also investigated possible systematic contributions due to our choice of sidebands.
Adding in quadrature the contribution from fit variations and split samples and correcting for the branching fraction of φ to K + K − and the fraction of events lost from our Σ + K − mass cut, we quote the final result for the branching ratio of Λ 
Γ(Λ
where unseen decay modes of the φ are included.
We also searched for the decay Λ We apply the same fitting procedure used in the inclusive decay mode Σ + K + K − . The signal yield is 34 ± 8 events. Fit variations and split samples were used to evaluate the systematic uncertainty. We quote a final result of: 
Non resonant decay mode Λ
We also looked for a non-resonant contribution to the decay Λ
2 applying the same selection cuts used in the inclusive mode.
In Fig. 7 we show the Σ + K + K − invariant mass distribution where the double Gaussian fitting procedure has been applied. All the parameters of the double Gaussian, except the total yield, are fixed to their Monte Carlo values. The yield from the fit is 14 ± 8 events. After further corrections due to possible contamination from Λ + c → Σ + φ and Λ + c → Ξ * 0 (1690)K + decays we find a yield of 8 ± 8 events. With no evidence of a signal, we quote the 90% confidence level limit for the non-resonant component of the decay Λ
Our systematic error, added in quadrature to the statistical error and included 
The fit is performed using a double Gaussian for the signal plus a linear background.
in the upper limit, is determined by varying the fit conditions in a manner similar to that previously described. Table 1 FOCUS results compared to previous measurements [1, 2] where applicable. The relative efficiencies are computed with respect to the normalization mode. 0.85 (7.1 ± 1.1 ± 1.1)% (7.6 ± 0.7 ± 0.9)% (9.5 ± 1.7 ± 1.9)% For these last two modes our measurements are consistent with the recent results reported by the Belle collaboration [1] . We also set an upper limit for the Cabibbo suppressed decay mode Λ + c → Σ − K + π + and the non-resonant contribution to Λ + c → Σ + K + K − . Our final results, the relative efficiency of each mode with respect to the normalization mode as well as comparisons to previous measurements, are summarized in Table 1 .
Conclusions

